Catastrophic landslides involve the acceleration and deceleration of millions of tons of rock and debris in response to the forces of gravity and dissipation. Their unpredictability and frequent location in remote areas have made observations of their dynamics rare. Through real-time detection and inverse modeling of teleseismic data, we show that landslide dynamics are primarily determined by the length scale of the source mass. When combined with geometric constraints from satellite imagery, the seismically determined landslide force histories yield estimates of landslide duration, momenta, potential energy loss, mass, and runout trajectory. Measurements of these dynamical properties for 29 teleseismogenic landslides are consistent with a simple acceleration model in which height drop and rupture depth scale with the length of the failing slope.
S
eismic radiation from landslides is broadband and complex (1). Short-period waves result from the myriad momentum exchanges taking place within the granular mass and along its sliding boundary. They are distributed in time and low in amplitude compared with the impulsive radiation associated with the sudden stress drop in tectonic earthquakes. Long-period waves radiated by landslides are simpler: They are generated by the broad cycle of unloading and reloading of the solid Earth (2-4) induced by the bulk acceleration and deceleration of the landslide mass. The corresponding momentum exchange is complicated by entrainment and deposition (5-7) during motion and by topographic undulations along the slide path (8) . Characteristic unloadingreloading times in large landslides are several tens of seconds, making them efficient sources of seismic waves at periods of that order (9) .
Traditional earthquake monitoring conducted by national and international agencies is designed for detection of impulsive short-period seismic waves and for location of associated tectonic earthquakes and explosions. Landslide detections are rare. A complementary method based on nearreal-time data from the Global Seismographic Network (GSN) allows for the detection of seismic events through continuous back-projection of the long-period wavefield (10) (11) (12) . This eventdetection algorithm detects >90% of magnitude M ≥ 5.0 shallow earthquakes reported by other agencies and identifies about 10 events each month that are not in other seismicity catalogs. Some of these unassociated events have been correlated with large-scale glacier calving (13, 14) and volcanic unrest (15) . Here, we identify and investigate another subset of these events associated with catastrophic (large and fast) landslides.
The event-detection algorithm locates events with an initial accuracy of 20 to 100 km (10) . A terrestrial landslide source is established by combining this geographic location with satellite imagery, field photographs, news reports, local seismic recordings, and other sources. A comprehensive investigation of 195 unassociated detections for 2010 led to the identification of 11 major landslides (table S1, events 16 to 26). All of the seismically detected landslides generated long-period surface waves (SW) roughly equivalent to a magnitude M SW ∼ 5 tectonic earthquake, and all were recorded at multiple seismographic stations. Tectonically generated surface-wave signals of this magnitude are routinely used to determine earthquake fault geometries and seismic moments (16) , suggesting that similar methods could also be used to provide a quantitative characterization of the detected landslides. For example, Kanamori and co-workers (17, 18) measured a subhorizontal force of ∼150 s duration and maximum amplitude ∼10
13 N associated with the massive debris avalanche after the 1980 eruption of Mount St. Helens volcano (table S1). Seismological analyses of long-period data have usually focused on single landslide events and typically have been limited to estimation of the average slide direction (often only in the horizontal), peak force, and duration of sliding (19) (20) (21) (22) . Field observations, by contrast, frequently suggest complex three-dimensional (3D) landslide trajectories, and numerical modeling has highlighted the effects of such complexity on the radiated seismic waves (7, 8) .
We developed an inverse method (12) to infer the 3D force sequence generated by bulk landslide motion (23)-from which we can deduce the trajectory of slip and dynamic properties. The new algorithm builds on and extends established methods used in earthquake analysis (12, 16) . When applied to one of the largest landslides of 2010, this approach results in a firstorder characterization of the event (Fig. 1 ). On 4 January of that year, our algorithm (10, 11) automatically detected a seismic event of long-period magnitude M SW ≈ 5.3 at 08:36 GMT and roughly located the source in northern Pakistan (table S1). None of the international earthquake-monitoring agencies ISC, IDC, or NEIC reported this event.
After anecdotal reports that a major landslide had struck the village of Attabad that morning-blocking the Karakoram Highway, damming the Hunza River, and causing several fatalities (24)-we inspected long-period waveform data recorded on proximal stations and established that the seismic signal was likely caused by the Attabad slope failure. This association was confirmed by our inverse model, which provided a more accurate source location within 15 km of Attabad and which pointed to a direction of motion down to the south-southwest, consistent with local reports. These reports also indicated a time of failure consistent with the seismic detection.
The estimated time sequence of forces induced by acceleration of the Hunza-Attabad landslide indicates a roughly sinusoidal sequence lasting ∆t ∼ 60 s (Fig. 1A) . The 3D force vector components vary in a synchronous fashion, which suggests a consistent azimuth of acceleration and Because the negated force history is equivalent to the rate of change of bulk landslide momentum over time (23) 
t).
If an independent measure of landslide volume or mass m is available, we can divide by m to obtain the 3D runout D(t) and compare it against terrain data and postfailure imagery to test the validity of the inversion results and the assumption of constant mass. Alternatively, we can estimate the bulk landslide mass by comparing the mass-scaled maximum horizontal displacement mD h with a center-of-mass displacement estimated from terrain data and imagery. Using the second approach, illustrated in satellite imagery of Hunza-Attabad (Fig. 1C) , we estimated a horizontal center-of-mass displacement of 940 m, which gave a mass of m ≈ 1.4 × 10 11 kg and the runout path D(t) shown in Fig. 1B . Evaluation in the field has estimated the deposited volume at~45 million m 3 (24) . Assuming a debris , this suggests a source mass of ∼1.1 × 10 11 kg, broadly consistent with our estimate.
We applied the technique of landslide seismic detection and source inversion to a total of 29 events spanning 1980-2012 (table S1). This set includes the three largest landslides of the last 33 years: Mount St. Helens in 1980 (table S1), Kaiapit in 1988 (25) , and Yìgòng in 2000 (26) . Of these 29 events, 27 were recorded on global network stations and the two smallest-at Fangtúnshan/Tàimal in Taiwan (27) in 2009 and Akatani in Japan (28) in 2011-were well recorded on regional networks. By analyzing all 29 landslides in a methodologically consistent fashion, we generated empirical constraints on catastrophic landslide dynamics spanning three orders of magnitude of failure mass that can be used with confidence in analyses of scaling (tables S1 and Fig. 2) .
A practical result is the logarithmic relationship ( Fig. 2A) that we see between the long-period magnitude M SW and the maximum force F max . The magnitude estimates span M SW ≈ 4.6 to 5.6 and are available only for the 27 global detections. The maximum forces here span F max ≈ 4 × 10 10 to 5 × 10 12 N and are typically associated with the acceleration phase of the landslide. The correlation is strong, suggesting that the maximum force can be estimated from the long-period magnitude alone (to within a factor of 2) and prior to waveform modeling.
We find a consistent pattern of scaling (Fig.  2, B to F) among the inferred dynamic properties that can be explained with a very simple model of slope collapse and acceleration in which a single length scale L determines all the geometrical properties of the landslide source and its acceleration phase (12) . The simple model and the inversion results indicate a linear dependence of landslide mass on maximum force m ≈ 0.54F max (Fig. 2B) . They indicate no scaling dependence, but much variability (Fig. 2D) , for peak acceleration a ≈ 2 m s . Observed scaling dependencies on maximum force match model deductions: Peak momentum is p max ≈ 27F 7=6 max (Fig. 2C ), potential energy loss is ΔE ≈ 3:8F 4=3 max (Fig. 2E) , and runout duration is Δt ≈ 127F 1=6 max . Similarly, we find dependencies on potential energy loss such as ∆t ≈ 110∆E 1/8 ( Fig. 2F ) and p max ≈ 10∆E 7/8 that accord with the model. Together our results indicate peak kinetic energy is on average about 24% of potential energy loss. A practical outcome is that the mass-force relation can be combined with the observed scaling between magnitude and force to provide an approximate means of estimating landslide mass The most notable, previously undocumented landslides we identified are the seven catastrophic (M SW 4.6 to 5.4; table S1) events detected over 4 days in September 2010 and located in the eastern Karakoram. All exhibited the seismic characteristics of landslides, and none were detected by earthquake monitoring agencies. Our inversions of these events indicate a common runout direction of west-west-southwest for all the failures, and analysis of multitemporal Landsat imagery (Fig. 3C ) identified only one candidate slope failure, collapsing onto the Siachen Glacier, consistent with this time window and geographic location. Subsequent mapping using multitemporal GeoEye imagery (Fig. 3, A and B . Although it is recognized that episodes of massive mass-wasting often comprise a hierarchy of individual landslide events, repeated similar-scale failures of the same mountain slope over mere days are more difficult to explain. In our catalog of inversions, only the paired Randa events (30) in 1991 involve closely repeated failure of a similar scale at the same location. Were it not for the seismic detection, force inversion, and satellite-image mapping used here, the Siachen Glacier landslide deposit would likely be falsely interpreted as the composite of one or two extremely large failures. What is more, given its remote location, it would likely have gone undetected for some time. 
